b3-Adrenergic receptors (b3ARs) negatively regulate b-adrenergic signaling via nitric oxide and are dependent on the adipokine leptin for normal expression in adipocytes, thus making b3AR an attractive candidate for cross-talk with leptin in the heart. Accordingly, we tested the hypothesis that cardiac b3AR expression and function are dependent on leptin and are severely diminished in leptin-deficient ob/ob mice. Using isolated cardiac myocyte physiology studies, we found that b3AR function was significantly diminished in ob/ob myocytes and in wild-type myocytes treated with leptin antagonist. This finding was supported by quantitative PCR demonstrating markedly decreased b3AR mRNA levels in ob/ob mice. Both b3AR mRNA and function were restored in ob/ob mice after in vivo leptin repletion. We propose that diminished b3AR signaling may be the critical element to explain the direct effects of leptin on the myocardium and suggest that this work reveals a key feature in the role of leptin in obesity-related cardiac hypertrophy and heart failure.
Introduction
The adipokine leptin is well known for regulating food intake and energy homeostasis. The absence of leptin, for example, in ob/ob mice, or leptin resistance, for example, in db/db mice, leads to overfeeding and obesity. 1 In addition to its effect on appetite, leptin also has numerous effects on cardiovascular pathophysiology. We have previously shown that mice with leptin deficiency or resistance develop left ventricular hypertrophy, increased myocardial DNA oxidative damage and higher mortality relative to wild-type (WT) animals. 2 Cardiac contractility is negatively regulated by b3-adrenergic receptor (b3AR) via a G i -eNOS-cGMP pathway.
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protein expression is increased in heart failure and other pathological cardiac conditions, but the absence of b3AR seems to be detrimental, whereas b3AR-specific agonism can be advantageous. 4 These results suggest that b3AR serves a compensatory protective function for the heart in situations of chronic or excessive catecholamine stimulation. Interestingly, there is a very closely regulated relationship between leptin and b3AR in adipose tissue. 5, 6 Although b3AR expression is dependent upon the presence of leptin in adipocytes, the relationship between leptin and b3AR in cardiomyocytes is not clearly defined. Thus, we sought to examine the relation between leptin and b3AR expression and signaling in cardiac myocytes, hypothesizing that cardiac b3AR expression is dependent on the presence of leptin, and therefore b3AR-specific signaling would be severely diminished in leptin-deficient ob/ob mice.
Materials and methods

Animals
We used b3 À/À (generous gift from Dr Bradford Lowell, Harvard University, Boston, MA, USA) and ob/ob mice (Jackson Laboratory, Bar Harbor, ME, USA) and their respective background strains of WT mice, FVB and C57BL6 (Jackson Laboratory; N ¼ 3-9 mice per group, 11-25 cells per strain).
Isolated myocyte preparation
Adult mouse myocytes were isolated and studied as previously described. 7 
Leptin repletion and leptin antagonist administration
Mouse leptin (Amgen, Thousand Oaks, CA, USA) and leptin antagonist (LA) (Protein Laboratories Rehovot, Rehovot, Israel) were delivered to specified animals for 4 weeks at 0.3 mg per kg per day using osmotic mini-pumps (Alzet Inc., Cupertino, CA, USA) implantation as previously described.
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Quantitative PCR Fluorescence-based real-time quantitative PCR was used to determine the expression of b3AR in cardiac ventricles of ob/ob mice and the corresponding control mice. Total RNA was isolated from hearts and complementary DNA synthesized. PCR reactions were analyzed using SYBR green master mix and GeneAmp 7900 sequence detection system (Applied Biosystems, Foster City, CA, USA). All samples were run in triplicate (primer sequences: forwardF5 0 -GGCAACC TGCTGGTAATCAT-3 0 and reverseF5 0 -TCCACTGACGTCCA CAGTTC-3 0 ).
Statistics
Data for contractility measurement are expressed as percent change±s.e.m. relative to the stimulated baseline after treatment of ISO. b3 À/À and ob/ob mice were compared with their respective WT strains by two-way analysis of variance with Bonferroni post hoc tests. Quantitative PCR data, presented as mean±s.e.m., were analyzed using one-way analysis of variance, followed by Newman-Keuls post hoc test. Po0.05 was considered significant. Analyses were performed using Graphpad Prism software (Graphpad Software, Inc., La Jolla, CA, USA).
Results
We first stimulated cardiac myocytes with the nonspecific b-agonist ISO. As expected, b3 À/À mice showed increased contractility relative to controls at high doses of ISO stimulation, confirming the negative inotropic effects of b3AR ( Figure 1a) (Figure 1b) .
Next, we examined b3AR expression using quantitative PCR. b3AR mRNA levels were decreased by 78 ± 5% (n ¼ 4-5 hearts) in ob/ob versus WT mice at baseline, whereas leptin repletion restored expression in ob/ob mice back to WT levels. These results strongly suggest that depressed b3AR-specific responses in ob/ob myocytes are due to decreased expression of b3AR (Figure 1c ). There was no difference in b3AR expression between WT and LA-treated animals.
Discussion
Traditionally, b3AR has been thought of as a 'metabolic' receptor, as its activation enhances lipolysis and energy expenditure in adipose tissue. 8 More recently, we and others have come to regard it as a 'brake' on sympathetic drive in the myocardium where it induces negatively inotropy under high catecholamine concentrations. 9 Here, our findings support that b3AR serves a protective role during sympathetic overstimulation. The resulting decrease in cardiac contractility is likely due to b3AR's ability to b3 signaling and leptin JE Larson et al generate nitric oxide (NO) via endothelial nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS), and is essential in preventing pressure overload-induced myocardial NOS uncoupling. 10 Leptin also regulates cardiac contractility via a NO-cGMPdependent pathway. 4 Previous studies demonstrated that acute leptin infusions in isolated rat ventricular myocytes increases NO generation, which leads to attenuated cardiac . Leptin repletion restored b3AR mRNA to WT levels (WT þ leptin, n ¼ 3; ob/ob þ leptin, n ¼ 5; and WT þ LA, n ¼ 6) *Po0.05 versus WT mice.
b3 signaling and leptin JE Larson et al contractility. 11 However, the manner by which leptin signaling regulates NO production and NOS isoforms in cardiac myocytes have not been fully elucidated. Further studies to determine the downstream signaling mechanisms are already underway in our laboratory. The demonstration that leptin, through alterations in b3AR signaling, is an important regulator of cardiac structure and function has heightened our awareness of the coupling of metabolism and myocardial structure and contractility. We have previously demonstrated that the effect of b3AR signaling is linked to increased NO production and reduced oxidative stress. This finding is directly related to our other findings suggesting that b3AR protects the heart from longterm adverse effects of adrenergic overstimulation, in part, by preserving eNOS in its coupled state. 10 We have also
shown that the cardioprotective effects of b3AR agonism are evident in vivo.
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Although we observed suppressed b3-expression in ob/ob mice as a likely mechanism of b3 hyporesponsiveness, myocytes treated with LA, which paralleled ob/ob myocytes in our functional studies, did not show a change in b3AR expression. This is presumably due to the peptide's ability to block activation of the leptin receptor, but not directly affect transcription of b3AR, implying that transcriptional regulation is not the only level by which leptin exerts control over b3AR. More studies comparing transcriptional regulation in ob/ob versus WT animals treated with LA are needed.
In conclusion, the cardiac expression and physiological effects of b3AR stimulation are dependent on the presence of leptin, thus suggesting that leptin has an important role not only in obesity but also in preventing obesity-related cardiac dysfunction. Although we have demonstrated leptin's dependency on cardiac b3AR expression and function, elucidation of the NOS isoform(s) responsible for the actions of leptin in the heart would lead to a better understanding of its exact role in myocardial contractility and hypertrophic response. Our results establish that diminished b3AR expression may be a critical element explaining the direct effects of leptin on the myocardium, and further elucidate our understanding of obesity-related cardiac dysfunction and heart failure.
